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Abstract
A simple graphical tool was developed, that ﬁnds optimal combination of pumps and their rotational speeds for all possible working
points for the given set of pumps. The tool allows analyzing and optimizing non-identical parallel pump with diﬀerent minimum
and maximum frequencies. Characteristic and eﬃciency curves can be given in tabular format in addition to analytical functions
of ﬂow. Degradation of pumps’ eﬃciency at lower rotational speed is taken into account, as is motor and variable speed drive
eﬃciencies at partial loads. The optimal solution provided by the tool was compared to actual measurements in a case study.
c© 2014 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Organizing Committee of WDSA 2014.
Keywords: parallel pumping; variable speed drive; optimization; case study
1. Introduction
The need for the tool presented here rises from practical engineering problems in choosing optimal pumps and
their control strategy. Many pumping stations are planned so that they can handle the maximum situation, but only a
little attention is paid on the overall energy eﬃciency or life-cycle costs of pumping. This has lead to over-sized and
under-performing pumping stations.
Current methods in hydraulic network modeling and SCADA data analysis provide much insight to the actual and
estimated future working regime and the relative probabilities of diﬀerent working points, but the tools for optimizing
the pumping station design and operation have been lacking.
While there has been some work done in this ﬁeld recently, the research have mostly neglected the eﬀects of
lower rotational speed on pump eﬃciency, and variable-speed drive and motor load on the total eﬃciency. The recent
academic research, for example Koor et al.[1] and Ulanicki et al.[2], have focused on identical pumps or characteristic
curves which can presented in analytical formulation, and they have paid little attention to motor and variable-speed
drive (VSD) eﬃciencies. However, in order to get an accurate view on the pump performance and capacity, the
changes in pump’s, motor’s and VSD’s eﬃciency has to be taken into account, and sometimes analytical formulation
of pump and eﬃciency curves can be too inaccurate. Many a time it can be beneﬁcial to install diﬀerently sized pumps,
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if the required working regime is large. Often the older pumping stations can have pumps both with and without VDS,
so the tool have to cope with this too.
2. Materials and methods
2.1. Basis
The pump battery is described as a set of pumps. Each pump is given a characteristic curve, an eﬃciency curve,
minimum and maximum allowed frequency, nominal motor power PNOM , and either IE eﬃciency class and number of
poles, for standard motor eﬃciency values based on IEC 60034-30 [3], or motor eﬃciency values at both 100 % and
75 % load, ηM,100 and ηM,75 respectively. Minimum and maximum frequencies can be equal, when no VDS is present
or in use. A ﬂag can be set, indicating that the pump is always on.
The pump characteristic curve can be expressed either in tabular format or in analytical format as in EPANET [4]
H(Q) = ω2 · Hmax − ω2−σ · τQσ , (1)
where ω = f2f1 =
n2
n1
is the relative rotational speed, and σ and τ are ﬂow exponent and ﬂow coeﬃcient, obtained by
curve ﬁtting. If the analytical pump characteristic curve is described by only one point, then the curve is ﬁtted through
the given point (Q, H), and points (0, 1.33 · H) and (2.0 · Q, 0). In EPANET the functional curve continues until
H = 0, which results in maximum ﬂows pumps typically cannot deliver [5]. The tool described here, uses a separate
Qmax value that determines the maximum ﬂow at the nominal speed.
Flow and head at diﬀerent rotational speeds are calculated using aﬃnity laws [5]
Q1
Q2
=
n1
n2
= ω and (2a)
H1
H2
=
(
n1
n2
)2
= ω2 . (2b)
Pump eﬃciency curve can also be given either in tabular format, when linear interpolation is used, or in functional,
second order polynomial best eﬃciency point curve with either one or two points. For one point, the best eﬃciency
point, BEP, (QBEP, ηBEP) the eﬃciency curve is
η(Q) = a · Q2 + b · Q , (3)
where⎧⎪⎪⎨⎪⎪⎩
a·Q2BEP + b·QBEP − ηBEP = 0
2a·QBEP + b = 0 (4)
and for two points (QBEP, ηBEP) and (Q2, η2), Q2 > QBEP the curve is
η(Q) =
⎧⎪⎪⎨⎪⎪⎩
a·Q2 + b·Q, Q < QBEP
a2·Q2 + b2·Q + c2, Q ≥ QBEP , (5)
where a and b are solved as above and⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
a2·Q2BEP + b2·QBEP + c2 − ηBEP = 0
2a2·QBEP + b2 = 0
a2·Q22 + b2·Q2 + c2 − η2 = 0
. (6)
Pump hydraulic eﬃciency at diﬀerent rotational speeds is calculated using [6]
ηP = η2 = 1 − (1 − η1) ·
(
n1
n2
)0.1
= 1 − (1 − η1) ·
(
1
ω
)0.1
. (7)
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picks it up and calculates all possible ﬂow and head combinations for the given frequency. The calculation loops over
the pump’s allowed ﬂow range for the frequency, and calculates matching the head and the total pump train eﬃciency
ηTOT . If multiple frequencies result in overlapping working points in the Qstep × Hstep resolution, the frequency that
produces the highest total eﬃciency is chosen for that particular working point.
The results of the working regime calculation are stored in two pump speciﬁc lookup arrays (15). The ﬁrst,
F, contains the optimal frequency for all possible working points and the other, H, contains the total pump train
eﬃciencies. Arrays elements that present invalid working points are set to 0.
F =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
fQ1,H1 fQ2,H1 · · · fQm,H1
fQ1,H2 fQ2,H2 · · · fQm,H2
...
...
. . .
...
fQ1,Hn fQ2,Hn · · · fQm,Hn
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, H =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
ηQ1,H1 ηQ2,H1 · · · ηQm,H1
ηQ1,H2 ηQ2,H2 · · · ηQm,H2
...
...
. . .
...
ηQ1,Hn ηQ2,Hn · · · ηQm,Hn
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(15)
Next all the possible non-identical pump combinations are considered. The available pumps are presented as a
binary string, where 1 signiﬁes the pump is on, and 0 signiﬁes the pump is oﬀ. Minimum and maximum head is
calculated for each combination so that every pump running in the combination can work within the limits:
Hmin = max{Hmin, 1, Hmin, 2, . . . , Hmin, n}
Hmax = min{Hmax, 1, Hmax, 2, . . . , Hmax, n} , (16)
where n is the number of pumps running in the combination.
For each combination the algorithm iterates over the allowed heads in the range [Hmin, Hmax] using the predeﬁned
head step size. Each head step Hi is added to a FIFO queue, where one of the processor threads picks it up for
calculation.
A processor thread calculates all possible combinations of ﬂows for the running pumps in the given pump combi-
nation for the head Hi. The ﬂow step used in this step is
Qstep
n . Each pump’s total eﬃciency for are looked up from
that pump’s working regime array H. Every time there are multiple possible combinations that produce the same total
ﬂow, the one with best over all eﬃciency is chosen and stored in the results arrays. Each row in the result arrays, ie.
all ﬂows with certain head, is protected by an own lock so that the computer’s multi-processing capabilities can be
used eﬀectively with too much lock contention.
The end result is two arrays, that cover the full possible working regime of the whole pump battery. Each element
represents an area deﬁned by Qstep and Hstep. Results array C contains the numerical presentation of the optimal
combination binary string and R contains the optimal total pump train eﬃciencies:
C =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
cQ1,H1 cQ2,H1 · · · cQm,H1
cQ1,H2 cQ2,H2 · · · cQm,H2
...
...
. . .
...
cQ1,Hn cQ2,Hn · · · cQm,Hn
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, R =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
ηQ1,H1 ηQ2,H1 · · · ηQm,H1
ηQ1,H2 ηQ2,H2 · · · ηQm,H2
...
...
. . .
...
ηQ1,Hn ηQ2,Hn · · · ηQm,Hn
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (17)
The program contains a graphical user interface, shown in Fig. 2, where the results are presented graphically as
two-dimensional graph. Each cell’s color depends on one of the parameters, selected by the user: speciﬁc power, total
eﬃciency, number of pumps running, or pump combination number (i.e. decimal representation of the combination
binary string). All the other parameters are shown in a tool-tip, and in a separate panel, if user clicks on the chart.
The user can optionally import a set of working points and their relative probabilities to the program. Working
points can be imported from an Excel ﬁle, or comma or tab separated ﬁles. If the ﬁle contains no probability informa-
tion, or points are considered to be equally probable. The program then shows the working points on the chart, and
calculates total annual energy consumption for the set of points.
The result array and the working points including their total eﬃciencies, if available, can be saved to an Excel ﬁle
for further processing and analysis. The saved ﬁle can be reopened in the program saving the need to recompute the
results.
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The authors could not ﬁnd an earlier work, where the combined eﬀects of rotational speed to pump eﬃciency, motor
eﬃciency at partial loads, and VSD eﬃciency had all been considered, when determining the optimal combination of
pumps to be used. Both can have signiﬁcant eﬀect on the total eﬃciency and thus on what pump combination should
be used, and should not be neglegted.
The developed tool can handle non-identical pumps that can also be described by non-analytical methods. Both
features are quite common in practical engineering work, but so far little research is done on the optimization of pump
battery with non-identical pumps.
The problem with the tool is, that doing an exhaustive search on a large number of pumps results in exponential
growth in computational time. The algorithm implementation optimizes calculation for identical pumps and combi-
nations, and up to three or four concurrently running non-identical pumps can easily be calculated in reasonable time
on modern workstation computers, but larger number of concurrent pumps can quickly result in multiple day long
calculation.
More research is needed in areas of eﬀects of rotational speed on pump eﬃciency and eﬀects of VSD on motor
eﬃciency. Both depend heavily on the speciﬁcs of the components, and research like Muszyn´ski[13] shows that
Equation (7) can not always accurately describe eﬀects of rotational speed.
The case study shows, that the tool gives eﬃciency that is comparable to the values measured from VSDs, but
optimizing the pump battery control can still lead to savings in the range of 5 %, when the pump battery contains
diﬀerently sized pumps. Unfortunately the frequency data was not available, so the eﬃciency loss caused by wear in
the pumps and impellers could not be accounted for, however the optimized eﬃciencies are very close to the observed
values on small ﬂows, which hints that the pumps’ eﬃciencies have not reduced much.
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